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Tin oxide thin films were grown by atomic layer deposition (ALD) from bis[bis(trimethylsilyl)
amino]tin(II) with ozone and water. The ALD growth rate of tin oxide films was examined with
respect to substrate temperature, precursor doses, and number of ALD cycles. With ozone two
ALD windows were observed, between 80 and 100 C and between 125 and 200 C. The films
grown on soda lime glass and silicon substrates were uniform across the substrates. With the water
process the growth rate at 100–250 C was 0.05–0.18 A˚/cycle, and with the ozone process, the
growth rate at 80–200 C was 0.05–0.11 A˚/cycle. The films were further studied for composition
and morphology. The films deposited with water showed crystallinity with the tetragonal SnO
phase, and annealing in air increased the conductivity of the films while the SnO2 phase
appeared. All the films deposited with ozone contained silicon as an impurity and were
amorphous and nonconductive both as-deposited and after annealing. The films were further
deposited in TiO2 nanotubes aiming to create a pn-junction which was studied by I-V measure-
ments. The TiO2 nanostructure functioned also as a test structure for conformality of the
processes.VC 2017 American Vacuum Society. [http://dx.doi.org/10.1116/1.4984279]
I. INTRODUCTION
Tin oxides (SnO2/SnO) are widely studied materials with
properties such as transparency, conductivity and band gap
(3.6/2.7 eV)1,2 that make them very useful materials to be
used as, e.g., transparent electrodes in solar cells3 and other
optoelectronics components.4 Especially, fluorine-doped
SnO2 and tin-doped In2O3 (ITO) are important transparent
conductors involving tin oxides. Tin oxides have been used
also in gas sensor5 and catalytic6 applications that are
enabled by the characteristic property of tin to change
between oxidation states Sn2þ and Sn4þ.7 Other possible
uses for tin oxides are in flat panel displays, UV-LEDs, and
p-channel thin film transistors.8,9
Because complete or partial oxidation of tin(II) to tin(IV)
occurs easily,7 tin(IV) oxide is more widely studied. Tin oxide
thin films have been prepared by spray pyrolysis,10 CVD,11
sputtering,12,13 sol–gel method,14 pulsed laser deposition,9
electron beam evaporation,15 etc., but the recent development
of reduction of the feature size in electronic devices has led to
the need of controllable and conformal growth methods such
as atomic layer deposition (ALD).16 ALD has been used to
deposit SnO2 films from, e.g., halogenides,
17,18 amides,19,20
alkoxides,21 and alkyltin precursors,22,23 but to our knowledge,
only one precursor, bis(1-dimethylamino-2-methyl-2-propoxy)
tin(II),24 has so far been presented to deposit SnO by ALD.
The oxygen source in the SnO process was water. Besides
water25 and ozone,26 the most common oxygen sources for
SnO2 are O2 (Refs. 17 and 18) and hydrogen peroxide
19,20 but
also carboxylic acid21 and NOx (Ref. 26) have been used. In
addition to these thermal ALD processes, SnOx has also been
deposited with plasma enhanced ALD.27–29
In the present work, we deposited SnO and SnO2 on sili-
con and glass substrates by ALD using a novel precursor
bis[bis(trimethylsilyl)amino]tin(II), [[(CH3)3Si]2N]2Sn.
Water or ozone were used as oxygen sources. These novel
ALD processes were further used to create coaxial nanotubes
by growing tin oxide in nanotubular TiO2 structures to test
the electrical properties of the films and conformality of the
processes.
II. EXPERIMENT
A. Film growth
Tin oxide films were grown on 5 5 cm2 silicon (100)
and soda lime glass substrates using the atomic layer deposi-
tion method. Some test samples were also deposited on 3a)Electronic mail: jere.tupala@helsinki.fi
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4 cm2 nanotubular TiO2/ITO structures that were made in
accordance with our previous study.30 The tin precursor was
bis[bis(trimethylsilyl)amino]tin(II) (Aldrich), and ozone or
water was used as the oxygen source. Films were grown in
the F120 ALD reactor (ASM Microchemistry, Ltd., Finland),
and nitrogen (99.9995%, H2O <3 ppm, O2 <3 ppm) was
used as carrier and purging gas. Water was pulsed into the
reactor through a needle valve and a solenoid valve from an
external source held at room temperature, and was trans-
ported further in the reactor with nitrogen. Ozone was pro-
duced with a Wedeco Ozomatic Modular 4 HC Lab ozone
generator from oxygen (99.999%) and pulsed into the reactor
through a needle valve and a solenoid valve from the main
ozone flow line. The estimated ozone concentration output of
the generator was about 100 g/Nm3 with a flow rate of 30 l/h.
The Sn precursor was sublimed from an open boat held inside
the reactor at 62 C and pulsed with inert gas valving. The
pressure inside the reactor during the deposition cycle was
about 10 mbar. The deposition temperature range was from
100 to 250 C for the water process and 80–200 C for the
ozone process, while at higher temperatures, no film growth
was observed. Pulses for both precursors were varied from
0.5 s up to 5.0 s while the nitrogen purge was varied between
2.0 and 10.0 s. After the deposition, some samples were
annealed at 500 C in air for 6 h to affect the crystallinity and
conductivity of the films.
B. Characterization
The surface morphologies of the films were studied with
a Hitachi S-4800 field emission scanning electron micro-
scope (FESEM). Crystallinities and thicknesses of the films
were studied by a PANalytical X’Pert PRO MPD x-ray dif-
fractometer. The measured thicknesses were confirmed with
Oxford INCA 350 energy dispersive x-ray microanalysis
system (EDS) connected to the Hitachi FESEM. The error
bars in Figs. 1–3 are 610% of the measured values which is
the estimated error in our EDS measurements. The thick-
nesses were calculated from the k ratios of SnLa lines using
a GMRFILM program.31 Stoichiometry of SnO (with water) or
SnO2 (with ozone) and density of 6.0 g/cm
3 were assumed in
the calculations, thus taking into account the lower density
of the ALD grown films with low crystallinity.
FIG. 1. Growth rates of the films as a function of deposition temperature.
The films were grown for 4000 cycles, and the precursor pulse lengths for
metal was 3.0 s and for oxygen source 2.0 s. (a) Water and (b) ozone.
FIG. 2. Thicknesses of the tin oxide films as a function of number of deposi-
tion cycles. Tin monoxide films deposited at (a) 125 C and (b) 175 C, and
(c) tin dioxide films deposited at 175 C. Pulse lengths for metal precursors
were 3.0 s and for water and ozone 2.0 s.
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UV-vis transmission spectra for band gap determination
were measured with a Hitachi U-2000 spectrophotometer.
The band gap determination was done according to the liter-
ature.32,33 The surface resistance measurements were done
using a Keithley 2400 Source Meter and an Alessi C4S four
point probe head. For I–V measurements, gold dots were
evaporated on the nanotubular TiO2 surface through a
shadow mask, and the backside of the structure was con-
tacted by using gallium–indium eutectic (Sigma-Aldrich).
The I–V measurements were done with the Keithley 2400
Source Meter using a source step delay of 0.01 s and a step
width of 0.1V. The I–V measurements were done in dark
and irradiated with a commercial 50W halogen lamp with
irradiance of 600W/m2.
Atomic force microscopy (AFM) images for analyzing
surface roughness and morphology were recorded using
Veeco Multimode V AFM with Nanoscope V controller.
Images were captured in tapping mode (intermittent contact
mode) in air using silicon probes with a nominal tip radius
of 6 nm and a nominal spring constant of 40N/m (ACTA-3
from AppNano). Images were flattened or planefitted to
remove artifacts caused by sample tilt and scanner bow.
Roughness was calculated as a root-mean-square value
(RMS or Rq) from 2  2lm2 images (512  512 pixels)
obtained at 1Hz scan rate. Image processing and analysis
were done using Bruker Nanoscope Analysis 1.5 program.
The composition of the surface layers was analyzed by
x-ray photoelectron spectroscopy (XPS), using an Argus
Spectrometer (Omicron NanoTechnology GmbH, Taunusstein,
Germany) operating at a pass energy of 20 eV. Samples were
illuminated with x-rays emitted from a standard Mg source
(Ka line) at a photon energy of 1253.6 eV. Binding energies
were calibrated using the C 1s peak (284.8 eV) of ambient
hydrocarbons, and peak fitting was done using the CASAXPS
software (www.casaxps.com). Sn 3d5/2 energies of 485.6 and
486.7 eV were matched to Sn2þ and Sn4þ chemical states,
respectively, based on the values previously reported in the
literature.34
III. RESULTS AND DISCUSSION
A. Growth rates
Figures 1(a) and 1(b) show the film growth rates as a
function of the deposition temperature while using water and
ozone as the oxygen sources. As will be shown later, the
films grown with water as the oxygen source are mostly
SnO, and the films grown with ozone consist of a mixture of
SnO2 and SiO2. With water, the growth rate slows down
with increasing temperature. With ozone, the growth rate
remains constant at 80–100 C and at 125–200 C, i.e., the so
called ALD windows are observed, but the reason of these
two levels of growth rates is unknown.
Film thicknesses as a function of the number of deposi-
tion cycles are seen in Fig. 2. With water as the oxygen
source, the growth is linear at 125 C [Fig. 2(a)], but at
175 C, the film growth starts to slow down after 2000 cycles
[Fig. 2(b)]. The slow growth is likely caused by bis(trime-
thylsilyl)amine [hexamethyldisilazane (HMDS)] that is the
expected reaction byproduct in the ALD process with water
[Eq. (1)]. HMDS can react with Sn-OH and silanol groups
on the surface [Eq. (2)] creating –O-Si(CH3)3 groups that do
not react with water and hinder the adsorption of tin precur-
sor, thereby decreasing the growth rate
ðCH3Þ3Si
 
2
N
h i
2
SnþH2O!SnOþ2 ðCH3Þ3Si
 
2
NH;
(1)
ðCH3Þ3Si
 
2
NHþ 2 –OH! 2 O SiðCH3Þ3 þ NH3:
(2)
FIG. 3. Growth rates of tin oxide as a function of (a) bis[bis(trimethylsilyl)
amino]tin(II) pulse length, (b) water pulse length, and (c) ozone pulse length.
All depositions at 175 C.
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Crowe and Tolbert observed in their study that the silica
passivation efficiency of HMDS increases with increasing
temperature (25–280 C).35 That would explain why the SnO
films deposited with water at 125 C [Fig. 2(a)] are thicker
and grow more linearly than the films deposited at 175 C
[Fig. 2(b)]. With ozone [Fig. 2(c)], the film growth rate does
not decrease with increasing number of cycles at 175 C.
Likely ozone oxidizes the surface passivating -O-Si(CH3)3
groups, creating -Sn-Si-O that incorporates silicon oxide in
the film, as will be seen later. Nevertheless, the deposition
rate with ozone as oxygen source is very low as is the case
with water, 0.06–0.09 A˚/cycle. To test the hypothesis of the
surface passivation by HMDS, a total of 6000 cycles was
deposited so that every 1000 cycles of the water process
were followed by 5 cycles of the ozone process, resulting in
increased thickness [highlighted in Fig. 2(b)] compared to
the water process only. It is therefore likely that in the water
process the HMDS passivates the growing SnOx film surface
with –O-Si(CH3)3 groups, especially at elevated tempera-
tures, and hinders the adsorption of [[(CH3)3Si]2N]2Sn dur-
ing the tin precursor pulse [Fig. 1(a)].
The growth rate of the film as a function of the precursor
pulse times is seen in Fig. 3. As a function of the tin precur-
sor pulse time [Fig. 3(a)], the growth rate remains the same
from 2 to 4 s. The growth rate as a function of the both oxy-
gen precursor pulse lengths, water [Fig. 3(b)] and ozone
[Fig. 3(c)], saturates at 2 s pulse, therefore confirming the
self-limiting ALD behavior. In Fig. 3(b), the film growth
rate at 1 s pulse is high although the pulse is short. A possible
explanation is that with short H2O pulses, the effect of
HMDS remains lower as there is not enough water to react
with the tin precursor to produce HMDS, and for it to poison
the surface completely.
B. Film properties
The films grown with water were yellow and transparent,
while the films deposited with ozone were colorless. All the
as-deposited films were nonconductive as studied with four-
point probe. XRD from the films grown with water showed
the presence of crystalline SnO phase when deposited at
125–175 C, while the films deposited at lower temperatures
were amorphous (Fig. 4). The intensity variations in the
XRD patterns between the films grown at 125–200 C are
likely a consequence of thickness difference between the
films, but some effect can also arise from impurities in
the films that will be discussed later. Tetragonal SnO peak of
the as-deposited films disappears, and SnO2 peaks appear
when the films grown with water are annealed in air at
500 C [Figs. 5(a) and 5(b)]. Also, annealing decreases the
resistivity of these films (45 mX cm) and the yellow color
disappears. When ozone is used, all the as-deposited films
are amorphous [Fig. 5(c)]. Annealing in air at 500 C for 6 h
does not affect the crystallinity [Fig. 5(d)] or conductivity of
the films grown with the ozone process. This behavior is
explained by silicon incorporated in the film (13%–17%)
that is almost equal to the amount of tin (18%–19%).
Therefore, the film grown with ozone process is not pure
SnO2 and annealing does not lead to conductive SnO2 and
the films remain amorphous. This is further discussed in the
XPS results.
In addition to thickness, the growth temperature has an
effect on the surface morphology of the films. FESEM
images show that the films grown with the water process at
100–125 C (not shown) are smooth, but above 150 C [Fig.
6(a)], some grainy character is found on the surface of the
films. Especially with water as the oxygen source, small
platelets emerge on the surface at 175 C [Fig. 6(b)]. On the
contrary, the film grown at 200 C with water is smoother
[Fig. 6(c)]. The films grown with ozone show no grains at
100–125 C and contain very small grains at 150–200 C
[Figs. 6(d) and 6(f)]. Annealing does not affect the morphol-
ogy of the films.
AFM measurements (Fig. 7) show the same result as the
SEM images for the films grown with water: the films grown
at 150 C are much rougher than the films grown at lower
temperatures. The features on the surface are grains rather
than separate particles. The grains show large variation in
their size, about 30–150 nm laterally and 2–15 nm in height.
At 175 C, the roughness is clearly still increasing and some
of the features have faceted shape which implies that they are
crystalline with some amorphous region in between. The size
FIG. 4. X-ray diffractograms of the films deposited at 100–200 C on glass
with water.
FIG. 5. X-ray diffractograms of the films deposited on glass with water (a)
as-deposited at 175 C and (b) annealed in air at 500 C, and of films depos-
ited with ozone (c) as-deposited at 175 C and (d) annealed in air at 500 C.
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varies laterally 100–150 nm and vertically 5–20 nm; thus,
many of the grains can extend through the film. Suprisingly,
the films grown with water at 200 C are less rough compared
to the films deposited at 150–175 C. At this temperature,
only a few grains are visible although they are still homoge-
neously distributed. The RMS surface roughness of the films
grown with water at 100–200 C varies between 0.5 and
1.5 nm, and except at 175 C, the roughness is 2.9 nm. When
the films are grown at 175 C, higher precursor doses and
increasing number of cycles seem to lead to larger grains on
the surface, increasing the surface roughness. The film thick-
nesses and roughnesses are presented in Table I. According
to AFM measurements (Fig. 7), the amorphous films grown
with ozone are all smooth independent of deposition tempera-
ture, number of cycles, and precursor dose. The surface
roughness with the ozone process varies between 0.6 and
1.3 nm.
Aarik et al. reported a strong effect of crystallization on
the deposition rate and roughness of TiO2 films.
36 They
observed that in the TiCl4/H2O process, the film roughness
increases with increasing growth rate. This was reported to
be an effect of crystallization and the fact that the crystalline
anatase phase grows faster than amorphous TiO2. Here, the
films grown with water start to roughen at 150 C (Fig. 7).
But unlike the case in Aarik’s study, the film growth rate
decreases dramatically at this temperature compared to the
smooth films deposited with water at lower temperatures of
100–125 C [Fig. 1(a)]. Despite XRD (Fig. 4) showing that
the SnO films grown with water process at 125 C are crys-
talline, they do not show grains on the film surface in AFM.
It seems that the onset of roughening and the significant
decrease in growth rate take place at the same time while the
crystalline character does not increase (Fig. 4). XPS results
(Table II) also show that increasing deposition temperature
increases the silicon content in the films. It may be that the
silicon in the film that is due to HDMS reacting with the sur-
face –OH affects the crystallization of the films deposited
also with the water process. Thus, the higher the deposition
temperature, the more silicon, the thinner the film and the
less crystallinity.
Figure 8 presents the XPS spectra of the Sn 3d lines of as-
deposited tin oxide thin films. Main peaks are comparable to
FIG. 6. FESEM images of the films deposited (a)–(c) with water and (d)–(f) with ozone at 150–200 C. All films were deposited for 4000 cycles. The length of
the scale bar is 500 nm for all images.
FIG. 7. AFM images of thin films grown (a)–(d) with water and (e)–(h) with ozone. All films deposited for 4000 cycles. Scale bar is 400 nm in all images.
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the data given in the study of Xia et al.34 and NIST data-
base:37 binding energies of Sn2þ at 485.6 eV (d5/2) and
494.0 eV (d3/2), and binding energies of Sn
4þ at 486.7 eV
(d5/2) and 495.4 eV (d3/2), respectively. The measured sur-
face compositions of the thin films are represented in Table
II. The XPS measurements show that the films grown with
water mostly contain SnO but also some SnO2 (about 20%).
They also have small quantities (1–3 at. %) of silicon as an
impurity. The films grown with ozone have tin as SnO2, but
they have large quantities (13–16 at. %) of silicon coming
from the precursor. The high silicon content in the films
grown with ozone process must come from the ligands or
–O-Si(CH3)3 surface groups which then are oxidized by
ozone. SnO2 and silicon impurities form tin silicate in the
film, as can be seen in XPS [Fig. 9(a)]. Nevertheless the high
silicon content explains the nonconductivity and amorphous
structure of the SnO2 films. Small (0.3–0.7 at. %) nitrogen
impurities [Fig. 9(b)] come from the precursor. Carbon
impurities are at the same level as normal surface contami-
nation, and their dependency on the deposition parameters
cannot be verified. One tin oxide film was deposited on an
aluminum oxide film (Table II) to test if the surface of the
substrate has an effect on the deposition. No quantifiable
effect was detected.
The XPS results (Fig. 8) show that the films grown with
the water process contain some SnO2 character. This can be
explained by reaction where water oxidizes SnO further to
SnO2 [Eq. (3)]. Also, it is possible that during deposition,
the surface of the growing SnO film partly disproportion-
ates to SnO2 and Sn [Eq. (4)]. This reaction has been
reported to take place when SnO films are annealed even in
inert atmosphere like nitrogen.7,38 During the water pulse,
hot water vapor can reoxidize the Sn to SnO [Eq. (5)]. At
the deposition temperatures of 100–250 C, Gibbs energies
DG are negative for Eqs. (3)–(5),39 and so, the reactions are
favorable
SnOþ H2O! SnO2 þ H2; (3)
2SnO! Snþ SnO2; (4)
Snþ H2O! SnOþ H2: (5)
The transmission spectra of the soda lime glass substrate
and the films grown with water at different temperatures are
shown in Fig. 10. These spectra were used to calculate band
gap values for the deposited films. The films grown with
TABLE II. Elemental compositions and impurities of the films grown with
water and ozone as analyzed by XPS. The thickness of Al2O3 was 75 nm.
Sample A (18 nm) B (69 nm) C (25 nm)
D (25 nm
on Al2O3) E (28 nm)
Precursor Water Water Ozone Ozone Ozone
T (deposition) 175 C 125 C 175 C 175 C 125 C
Sn at. % 28.8 32.7 18.0 18.2 18.9
O at. % 42.9 44.6 45.1 46.1 39.8
C at. % 25.1 21.2 20.3 19.0 27.4
Si at. % 2.9 1.2 16.1 16.9 13.6
N at. % 0.3 0.4 0.6 0.7 0.3
FIG. 8. (Color online) XPS spectra of Sn 3d for as-deposited films grown
with water and ozone. Both depositions at 175 C.
FIG. 9. (Color online) XPS spectra of (a) Si 2p and (b) N 1s for as-deposited
films grown with water and ozone. Both depositions at 175 C.
TABLE I. Thicknesses and roughnesses (Rq) of the films deposited with water
and ozone processes for 4000 cycles in various temperatures. All values in
nanometers (nm).
Precursor 100 C 125 C 150 C 175 C 200 C
Water Thickness 69 63 24 18 11
Roughness 0.5 0.5 1.3 2.9 0.6
Ozone Thickness 45 28 31 25 27
Roughness 0.6 0.9 1.3 1.1 1.0
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water showed direct band gap values of 2.4–2.6 eV and indi-
rect band gap values of 1.5–1.7 eV. The latter is difficult to
measure from thin film samples because of the weak optical
absorption. Ogo et al. have calculated the indirect band gap
of 0.7 eV from diffuse reflectance spectra of bulk SnO pow-
der.40 Their result is in agreement of computational values
(PBE0-vdW methodology, 0.67 eV) reported by Allen et al.
who also presented a direct band gap of 2.76 eV for SnO.41
Some of the variation probably derives from the SnO2 char-
acter in the films grown with water. The films grown with
ozone gave no results as the films were colorless, and the
transmission spectra did not differ from the spectrum of the
substrate.
Conformality, which is one of the greatest assets of ALD,
is good for both processes. Conformality was tested by coat-
ing TiO2 nanotubes with SnOx. The results are presented in
Fig. 11 which shows SnO2(-SiO2) grown on the TiO2 nano-
tubes (aspect ratio 1:15) forming coaxial nanotubular struc-
ture. The photoactivity and electrical conductivity of the
films were tested with I–V measurements. The plots from
I–V measurements of ITO/TiO2/SnOx nanostructures are
shown in Fig. 12. Clear photoactive behavior is not per-
ceived, but some differences between the plots measured in
dark and light can be seen. The current densities are higher
in the samples grown with the water process than with the
ozone process, in dark and irradiated alike, therefore proving
that the electrical conductivity of the films grown with water
is higher. The lower conductivity of the films grown with
ozone process is likely an effect of the silicon incorporated
in the films. The irradiation as a whole increases the current
densities in the samples grown with both processes.
IV. SUMMARYAND CONCLUSIONS
Tin(II)oxide and tin(IV)oxide were deposited by ALD at
80–250 C with bis[bis(trimethylsilyl)amino]tin(II) and H2O
or O3 as the reactants. For ozone process, ALD windows
were found at the temperature ranges of 80–100 C and
125–200 C. The film growth rate was low with both oxygen
sources, 0.05–0.18 A˚/cycle for water and 0.05–0.11 A˚/cycle
for ozone. With water, the film growth slows down as a func-
tion of deposition temperature, which is likely a result of a
reaction byproduct, HMDS, that hinders the adsorption of tin
precursor. HMDS is oxidized by ozone, therefore incorporat-
ing silicon in the film in ozone process, which affects the
crystallization and conductivity of the films. Saturation of
growth rates was observed for both water and ozone pro-
cesses after 2 s pulse lengths. With tin precursor, no clear
saturation was observed although the growth rate did remain
the same between 2 and 4 s. Films grown with water were
crystalline, but films grown with ozone were amorphous.
The as-deposited films were all nonconductive. Amorphous
and nonconductive nature of the films deposited with ozone
derives from silicon oxide that is incorporated in the film
during deposition. In FESEM images and AFM measure-
ments, some grains were found in films grown with water
deposited at 150–200 C while all the films grown with
ozone were smooth. This behavior was independent of thick-
ness of the films. The tin in the films grown with ozone was
SnO2 while that of the films grown with water was a mixture
of SnO and SnO2. In addition to silicon, XPS also showed
some residual nitrogen in the films from the precursor. The
demonstrated ALD process was used to coat anodized nano-
tubular titanium dioxide structure to prepare coaxial nano-
tubes and a good conformal growth was confirmed. I–V
measurements of the as-deposited coaxial nanotubular
FIG. 10. Transmittance spectra of SnO films deposited with water on glass at
100–200 C.
FIG. 11. Cross-section FESEM image of SnO2(-SiO2) deposited conformally
in TiO2 nanostructure by ALD. Film deposited with the ozone process for
6000 cycles at 175 C.
FIG. 12. (Color online) I–V plots measured through the ITO/TiO2/SnOx sam-
ples. Samples are measured illuminated and in dark.
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structures showed higher current densities for films grown
with water process compared to films grown with ozone
process.
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